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ABSTRACT
Context. It has so far proven impossible to reproduce all aspects of the solar plage chromosphere in quasi-realistic numerical models.
The magnetic field configuration in the lower atmosphere is one of the few free parameters in such simulations. The literature only
offers proxy-based estimates of the field strength, as it is difficult to obtain observational constraints in this region. Sufficiently
sensitive spectro-polarimetric measurements require a high signal-to-noise ratio, spectral resolution and cadence, which are at the
limit of current capabilities.
Aims. We use critically sampled spectro-polarimetric observations of the Ca ii 8542 Å line obtained with the CRISP instrument of
the Swedish 1-m Solar Telescope, to study the strength and inclination of the chromospheric magnetic field of a plage region. This
will provide direct physics-based estimates of these values, which could aid modellers to put constraints on plage models.
Methods. We increased the signal-to-noise ratio of the data by applying several methods including deep learning and PCA. We reach
a noise level of 6 · 10−4Ic. We then use STiC, a non-local thermodynamic equilibrium (NLTE) inversion code to infer the atmospheric
structure and magnetic field pixel by pixel.
Results. We are able to infer a magnetic field strength and inclination for a plage region and for fibrils in the surrounding canopy. In
the plage we report an absolute field strength of |B| = 405 ± 90 G, with an inclination of 9◦ ± 6◦ with respect to the local vertical.
This value for |B| is roughly double of what was reported previously, while the inclination matches previous studies done in the
photosphere. In the fibrillar region we found |B| = 290 ± 50 G, with an inclination of 49◦ ± 16◦.
Key words. plages, magnetic fields, Sun:atmosphere Sun:chromosphere, Methods:observational
1. Introduction
Observationally derived chromospheric magnetic field vectors
are a vital part of our attempt to understand solar magneto-
hydrodynamical processes, as is shown by the continuous ef-
fort that is being undertaken in this direction over the last three
decades (e.g. Bernasconi et al. 1994; Solanki et al. 1996; Socas-
Navarro et al. 2000a; López Ariste & Casini 2005; Schad et al.
2015; Martínez González et al. 2016; Esteban Pozuelo et al.
2019; Yadav et al. 2019). Understanding these processes is of
utmost importance in order to also understand the energy bal-
ance, atmospheric stratification and dynamics of the solar chro-
mosphere.
Plage regions, first observed in the chromosphere by Lockyer
(1869) and named by Deslandres (1893), are classically defined
as bright regions observed in Hα and other chromospheric lines.
Nowadays, many authors identify plage regions by only look-
ing at the photospheric magnetic field concentrations, regard-
less of the Hα intensity that is associated with those regions.
In this paper we restrict the plage designation to regions where
the magnetic field in the photosphere is confined in the intergran-
ular lanes and forms a magnetic canopy in the chromosphere that
is hot and bright in most chromospheric diagnostics such as the
Ca ii H&K lines, the Ca ii infrared triplet lines, Mg ii h&k and
Hα. This leaves out superpenumbra, pores, or elongated fibrillar
structures. Our usage is in line with that of Chintzoglou et al.
(2020).
Plage regions are important structures that act as the foot-
points of coronal loops and the origins of fibrils, making them
an important interface for coronal heating (Reardon et al. 2009;
Carlsson et al. 2019; Chitta et al. 2018; Yadav et al. 2020). They
have been extensively studied in the photosphere, leading to the
view that the magnetic field in the lower layers is concentrated
in the intergranular spaces (e.g. Buente et al. 1993). The inclina-
tion of the field in the photosphere is found to be mostly vertical,
with average values slightly above 10◦ from the local vertical
(e.g. Bernasconi et al. 1994; Sanchez Almeida & Martinez Pil-
let 1994; Pillet et al. 1997). The flux tubes spread rapidly with
height due to the exponentially decreasing gas pressure, eventu-
ally merging and filling almost the entire atmosphere. This leads
to a decrease of the magnetic field strength with respect to height
(Solanki 1992, and references therein). Perhaps the most clear
detection of the magnetic field canopy effect from photospheric
observations are the studies by Sanchez Almeida & Martinez Pil-
let (1994) and Buehler et al. (2015), who detected the expansion
of magnetic elements as a function of height using inversions.
However, due to the relatively low Landé factors and broad
profiles of lines useful as chromospheric diagnostics, it is much
more challenging to recover magnetic fields at this height when
compared to the photosphere. Therefore, the field strength and
the magnetic topology in plage are subjects of an ongoing dis-
cussion. Carlsson et al. (2019) cite a canonical value of |B| =
200 G. Asensio Ramos et al. (2017) report transverse magnetic
Article number, page 1 of 11
ar
X
iv
:2
00
6.
14
48
6v
1 
 [a
str
o-
ph
.SR
]  
25
 Ju
n 2
02
0
A&A proofs: manuscript no. aanda
fields1 with a median value of B′⊥ ≈ 60 G. This result is based
on a Bayesian hierarchical model of the linear polarization of
the data whose transverse magnetic field distribution has a tail
going past 200 G. However, it is important to remark that the
plage that was used in this paper is a young flux-emerging re-
gion where the measurements were performed over elongated
fibrillar structures, and therefore they do not fit our definition of
plage.
However, despite this seeming agreement for the magnetic
field strength, it has so far proven impossible to reproduce a
plage chromosphere in quasi-realistic numerical models like
Bifrost (Gudiksen et al. 2011), which instead create an atmo-
sphere with a calm chromosphere and cold corona, more resem-
bling a coronal hole (Carlsson et al. 2019).
In recent years significant progress has been made in the de-
velopment of codes capable of performing non-local thermody-
namic equilibrium (non-LTE) inversions of spectral lines in the
chromosphere (Asensio Ramos et al. 2008; Socas-Navarro et al.
2015; de la Cruz Rodríguez et al. 2016; Milic´ & van Noort 2018).
These inversions aim to provide a direct physics-based estimate
of key parameters by producing a spatially resolved model at-
mosphere consistent with the observations, rather than proxy-
based estimates that were the norm before. In this paper we per-
form non-LTE inversions to get a direct physics-based estimate
of the magnetic field in plage as well as other key parameters like
temperature, line-of-sight velocity and microturbulence. This is
achieved by using polarimetric data with a high spatial, spectral
and temporal resolution in Ca ii 8542 Å as our input. In order
to fully reconstruct the magnetic field vector, we use a combina-
tion of several novel and standard post-reduction techniques to
improve the otherwise low signal-to-noise ratio of our Stokes Q
and U measurements.
In Sect. 2 we discuss the diagnostic potential of the
Ca ii 8542 Å line and the limitations that come with it. In Sect. 3
we focus on our observations, the reduction and post-reduction
steps. In Sect. 4 we discuss the STockholm Inversion Code
(STiC) and the additional steps that we applied to aid the inver-
sions. The results from these inversions are shown and discussed
in Sect. 6 and our final conclusions can be found in 7.
2. The Ca ii 8542 Å line in plage regions
The Ca ii 8542 Å line has become one of the foremost chromo-
spheric diagnostics for temperatures, line-of-sight velocities, and
the magnetic field vector (see, e.g., Socas-Navarro et al. 2000b;
López Ariste et al. 2001; Pietarila et al. 2007; de la Cruz Ro-
dríguez et al. 2012, 2015a; Quintero Noda et al. 2017; Henriques
et al. 2017; Centeno 2018; Díaz Baso et al. 2019). Although the
atomic level populations must be modelled under the assumption
of statistical equilibrium (Wedemeyer-Böhm & Carlsson 2011),
a relatively simple six-level atom can be used to model the in-
tensities of the Ca ii H&K lines as well as the infrared triplet
lines. The profile of this line can be calculated by assuming
complete redistribution of scattered photons (Uitenbroek 1989;
Sukhorukov & Leenaarts 2017). In active regions far from the
limb, the imprint of atomic polarization can be assumed to be
much lower than Zeeman induced polarization (Manso Sainz &
Trujillo Bueno 2010; Šteˇpán & Trujillo Bueno 2016).
1 We define the transverse magnetic field in our line of sight as B′⊥
and the vertical magnetic field in the same reference frame as B′||. Their
unprimed counterparts represent the same quantities with respect to the
solar surface.
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Fig. 1. Plage spectral signatures in the Ca ii 8542 Å line. Top:
monochromatic images acquired in the wing (∆λ = −880) mÅ and in
the core of the line. Middle: Example plage spectra in Stokes I extracted
from the locations indicated in the upper panels with the same color cod-
ing. For comparison, we have also included a quiet-Sun profile colored
in grey. Bottom: Stokes Iλ (upper) and Vλ/Iλ spectra (lower) along the
slit indicated in the top panels of the figure.
In plage targets, the Ca ii 8542 Å line shows peculiar line
profiles that originate in a hot magnetic canopy that extends over
a photosphere where the magnetic fields are tightly concentrated
in the intergranular lanes (de la Cruz Rodríguez et al. 2013).
The main feature of those profiles is the apparent absence of
an absorption Gaussian core. Instead, the core of these profiles
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Fig. 2. Fringe removal from reduced data. a) A cartoon of the low frequency fringe extraction process. Each wavelength point contains a linear
combination of the fringes found in the left and right wing points, which are denoted by several lines. These fringes on either side can be extracted
from the wings applying PCA to the outer most non-continuum wing points. A linear combination of these two fringes is then subtracted from
the full spectrum. b) A Stokes U line wing image, showing both the high- and low-frequency fringes. c) The same image after the high-frequency
fringes have been removed with FFT filtering. d) The same image after the low frequency fringe was removed using our PCA fringe removal
technique.
can appear completely flat, or it can show weak absorption and
emission features that are modulated by the velocity field and
a very shallow stratification of the source function (de la Cruz
Rodríguez et al. 2013; Carlsson et al. 2015). In the top pan-
els of Fig.1 we show a subfield from our observations that in-
clude plage and some quiet-Sun next to it. We have hand-picked
some locations in the plage region and plotted the corresponding
profiles in the middle panel. Compared to the quiet-Sun profile
(grey), the plage profiles show a relatively raised core with a di-
versity of shapes and asymmetries. While the green, blue and red
profiles originate from a non-magnetic photosphere and a mag-
netic chromospheric canopy, the orange profile is located over a
magnetic element also brighter in the photospheric wings. This
line-core effect is therefore not present, but instead the whole
profile is brighter than the quiet-Sun one.
The peculiar shape of the line set certain limitations in the
diagnostic potential of the 8542 Å line in plage targets:
1. The relatively flat core of the line makes it very hard for an
inversion code to constrain the Doppler width of the line and,
therefore, to derive accurate values of microturbulent mo-
tions. The explanation for the relatively large values of mi-
croturbulent velocity that are required to explain some chro-
mospheric lines (Shine & Linsky 1974; Carlsson et al. 2015;
De Pontieu et al. 2015) remains an open question that can
hardly be tackled with observations of this line in plage.
2. The amplitude of Stokes Q, U and V is modulated by the
magnetic field strength (in the weak-field regime) and by the
gradient of the source function. When the latter is large, the
amplitude of the Stokes parameters becomes large. This de-
pendence is explicit even in simple analytical solutions of the
radiative transfer equation such as the Milne-Eddington one
(see, e.g., Orozco Suárez & Del Toro Iniesta 2007). In those
locations where the source-function gradient becomes very
shallow, the line core becomes particularly flat and therefore
the amplitudes of the Stokes parameters are small. An ex-
ample of this effect is visible in the lower panels of Fig. 1
around x ≈ 14′′. However, whenever the source function
is not strictly zero, the amplitudes of the Stokes parame-
ters seem to be sufficiently high even within plage patches
(x ≥ 16′′ along the slit in Fig. 1).
3. Due to the relatively flat line-core shape, these profiles do not
always provide complete information about line-of-sight ve-
locities or about line-of-sight velocity gradients in the chro-
mospheric part of the line.
These limitations can affect the sensitivity of the line to a
given physical parameter across the FOV and they should be kept
in mind in order to properly understand the inversion results that
we will present in §6.
3. Observations and data processing
AR12713 was observed on June 15th 2018, between 14:23 and
14:48 UT with the Swedish Solar 1-m Telescope (SST, Scharmer
et al. 2003), using both the CRisp Imaging SpectroPolarimeter
(CRISP, Scharmer et al. 2008) and the CHROMospheric Imag-
ing Spectrometer (CHROMIS; Scharmer 2017) instruments si-
multaneously. The region was centered around the heliocentric
coordinates (x,y) = (−557′′, 80′′) which translates to an observ-
ing angle of 37◦ (µ = 0.80). This region was selected for this rea-
son, as an observing angle close to 45◦ of a mostly vertical field
will ensure signal in the both the horizontal and vertical line-of-
sight components of the magnetic field. The measurements were
acquired using a high-cadence program for both instruments. We
optimized the cadence, given the limitations of a scanning in-
strument, to reach a compromise between S/N and temporal res-
olution. This allows us to apply several of the methods below, as
well as to bin consecutive scans for a higher signal-to-noise. This
high-cadence program only allowed for one line to be observed.
In our case this was Ca ii 8542 Å for CRISP and Ca ii K for
CHROMIS.
For CRISP the cadence was 9.6 s and the observing sequence
consisted of 23 wavelength positions in the Ca ii 8542 Å line,
ranging from -0.88 to +0.88 Å relative to line center, with an
equidistant spacing of 0.055 Å for the inner 21 points and one
doubly spaced point on each end. The CRISP pixel scale is
0.058′′.
For CHROMIS the cadence of the observing sequence was
9.0 s with 28 wavelength positions in the Ca ii K line, ranging
from -1.51 to +1.51 Å relative to line center. These observations
have an equidistant spacing of 0.065 Å for the inner 21 points,
as well as two 0.262 Å steps on each side, a final wing point
0.328 Å after that and one single continuum point at 4000.08 Å.
The CHROMIS pixel scale is 0.0375′′. Both data sets were re-
duced using the CRISPRED and CHROMISRED pipelines as
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described by de la Cruz Rodríguez et al. (2015b) and Löfdahl
et al. (2018), which makes use of Multi-Object Multi-Frame
Blind Deconvolution (MOMFBD; van Noort et al. 2005; Löf-
dahl 2002).
In this paper we mainly focus on the Ca ii 8542 Å data, only
using the Ca ii K profile for an initial line-of-sight velocity es-
timate. Because of this, the CHROMIS data were binned down
to the CRISP pixel scale and aligned to these observations, as
opposed to up sampling CRISP as is usually the case.
In order to improve the signal-to-noise ratio of the resulting
hypercube (t,x,y,λ,s), we applied five separate post-processing
techniques to the data, which we will cover in order of applica-
tion.
3.1. Fourier filtering
In our observations we can distinguish a high-frequency fringe
diagonally across the image, and a low frequency fringe per-
pendicular to it. The high frequency fringes have the strongest
amplitude in Stokes U, at 1.5 · 10−3 Ic. Stokes V has half that,
Stokes Q has 13% and Stokes I only 5%. While negligible in
Stokes I and Q, these fringes need to be removed from the Stokes
U and V maps before any inferences can be made from them.
The fringes are stationary on the detector but then there is im-
age rotation. They can be removed in the frequency domain by
using a two-dimensional Fourier transform of the image (Lim
1990). In this work the removal is done by applying a simple
mask to the frequencies that correspond to the fringe pattern, af-
ter which the image is transformed back into the spatial domain.
We then construct the wide- and narrow-band cubes out of these
filtered images with standard routines. This method is similar to
the procedure used for removing fringes in observations made
by the Sunrise telescope (Pillet et al. 2010) and is now part of
the CRISPEX pipeline. In Fig. 2 b and c we can see the effects
of this method.
The low-frequency fringes cannot be removed in the same
way, since masking at that frequency would lead to significant
loss of data. Instead we remove these fringes by applying prin-
ciple component analysis (PCA) at a later step.
3.2. Improving S/N with a convolutional neural network
Recently, several studies have shown how convolutional neural
networks (LeCun et al. 1995) could help to reduce the noise in
observations showing a better performance than classical meth-
ods. These neural networks exploit the idea of using the pres-
ence of spatial correlation to predict the value of a pixel from
the value of other pixels. In ideal examples, artificial noise can
be used to create a sample where the neural network can learn
from it. However, the characterization of noise in solar applica-
tions is not always trivial and the noise is spatially correlated
due to the application of MOMFBD. Using high-cadence obser-
vations, a neural network can be trained to infer the contribution
of the noise from the temporal redundancy of the signals them-
selves. This technique (also known as Noise2Noise; Lehtinen
et al. 2018) has specifically been explored on CRISP spectro-
polarimetric data by Díaz Baso et al. (2019) and therefore could
be directly applied to our observations in Stokes Q, U and V .
For details on the implementation of the network, we direct
the reader to the original paper and the project GitHub2. This
step significantly lowered noise floor of our observations by a
factor of four.
2 https://github.com/cdiazbas/denoiser
3.3. Binning and Stacking
After removing the high-amplitude, high-frequency fringes from
the data and denoising it with the neural network, we bin and
stack the resulting hypercube in order to improve the signal-to-
noise ratio. Despite the high cadence of the observations, we can-
not stack more than two scans in the temporal domain without
ending up with non-physical mixed profiles. This maximum was
established by comparing the Stokes I profiles of the resulting
average to those of the individual scans. As long as these are the
same, we can stack images. The same can be done with spatial
binning, where the maximum was found to be 2x2 binning. We
stacked two frames and binned the image down two times.
3.4. Fringe removal and S/N improvement using principle
component analysis
Principal component analysis (PCA, Pearson 1901) is a linear
orthogonal transformation that converts a set of possibly corre-
lated variables into a set of principal components (PC), which
are linearly uncorrelated variables, sorted by means of variance.
In other words, one could imagine the method as fitting a p-
dimensional ellipsoid to the data, with each axis of the ellipsoid
representing a principle component and the length of each ra-
dius being defined by its variance. A small radius corresponds
to a small variance, and the general fit will hardly be affected if
this axis is omitted, meaning that we only lose a small amount
of information. In this work we use PCA in two ways: to remove
the low frequency fringe from our data and to improve the S/N.
In the former case we use the method together with the assump-
tion that the fringe pattern at each wavelength point is a linear
combination of the pattern found in the wings of the line. On top
of that we assume that there is no signal in the outer wing points
of Stokes Q and U, so that the intensities in these points consist
of the fringe and background (see Fig. 2a). In order to separate
the fringes from the background we apply PCA to the two outer
most non-continuum wing points on both sides of the line. We
subtract to each wavelength position a general pattern obtained
as the linear combination of the two obtained fringe patterns with
fi = fred · (1 − i/n) + fblue · (i/n),
where fi is the fringe intensity at wavelength position i, fred and
fblue are the extracted fringe intensities from the red and blue
wing respectively, and n is the number of data points in the ob-
servation (see Fig. 2d,e).
After applying the PCA fringe extraction, we apply another
PCA to further improve the S/N of the data. Following the meth-
ods described in e.g. Casini et al. (2012), Ng (2017), Casini &
Li (2018) and González et al. (2008), we apply PCA along the
wavelength axis of the 3D cubes of the individual Stokes pa-
rameters. The resulting set of 23 principle components will con-
tain most of the information in the first 15 components, with the
background noise composing the most significant part of the fi-
nal eight. Therefore removing these principal components and
reconstructing the data with the remaining set will improve our
S/N ratio, while only losing a minimal amount of data. We apply
this method to Stokes Q and U. It is not necessary to apply it
to Stokes I and V due to their relatively higher S/N. After these
steps we obtain a final value for the background noise in Stokes
U of the order of 6 · 10−4Ic.
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Fig. 3. Overview of AR12713 taken on June 15th 2018 at 14:23 UT. Overlap between CHROMIS and CRISP is marked with a white rectangle.
The plage areas P1 and P2 are marked with yellow contours. a) Continuum intensity 4000 Å. b) Ca II K core intensity. c) Ca II K at ∆λ = 0.26 Å.
d) Ca ii 8542 Å line core intensity. e) Total linear polarization based on the wavelength average of Stokes Q and U. f) Total circular polarization
based on the wavelength average of Stokes V .
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3.5. Wavelength and intensity calibration
Finally we performed an absolute wavelength and intensity cali-
bration using the solar atlas by Neckel & Labs (1984).
During these post reduction steps, we have extensively used
the CRISPEX analysis tool (Vissers & Rouppe van der Voort
2012), the CRISpy python package (Pietrow 2019) and SOAIm-
age DS9 (Joye & Mandel 2003) for data visualization.
3.6. Resulting field of view
In Fig. 3 we give an overview of the field of view (FoV) that was
obtained after the reduction and post-reduction. We focus on a
single temporally-averaged scan taken at 14:23 UT, which was
chosen for its good seeing. After binning in space and time the
cadence is 19.2 s and the spatial scale is 0.116′′/px. Solar north
and the limb are marked in panel a. The dashed rectangle indi-
cates the field of view common between CRISP and CHROMIS
and will be subject to data inversions.
In the full CRISP FoV we see two pores, one on the upper
left side and one on the lower right side, best visible in panel b.
In panel d we can see that both of these pores are surrounded by
unipolar plage regions that are connected with a carpet of fibrils.
These fibrils originate from the lower plage region and are mov-
ing up to, and around, the upper plage region. We have marked
the plage within the white rectangle with a yellow contour by se-
lecting the bright areas in panel c. We designate these two plage
regions as P1 and P2. The last two panels show the polarization
maps for the total linear (e) and circular (f) polarization after
post-reduction.
The magnetic field in the canopy is expected to be mostly
horizontal with respect to the solar surface, while in the plage it
is expected to be mostly vertical. However, due to the fact that
we observe at a viewing angle of 37◦ (µ = 0.8), we expect to see
imprints of the plage and the canopy in both polarization maps.
This largely seems to be the case.
4. Data inversions
4.1. The STockholm Inversion Code
We performed an inversion of the post-processed Stokes profiles
for our observations with the STockholm inversion Code3 (STiC;
de la Cruz Rodríguez et al. 2016; de la Cruz Rodríguez et al.
2019), an MPI-parallel non-LTE inversion code that utilises a
modified version of the radiative-transfer code RH (Uitenbroek
2001) to solve the atomic population densities by assuming sta-
tistical equilibrium and plane-parallel geometry. STiC uses a reg-
ularized version of the Levenberg-Marquardt algorithm (Leven-
berg 1944; Marquardt 1963) to iteratively minimize the χ2 func-
tion between observed input data and synthetic spectra of one
or more lines simultaneously. The code treats each pixel sepa-
rately as a plane parallel atmosphere, fitting them independently
of each other.
We inverted all four Stokes parameters of the
Ca ii 8542 Å line simultaneously, including also a 4000 Å
continuum point from the Ca ii K observations. We could not
include the Ca ii K line data due to the temporal averaging that
has been used to increase the S/N of the linear polarization data.
Therefore there is a relatively narrow range in optical depth
where we have enough sensitivity to do inversions. As discussed
in Sect. 2 it is challenging to reconstruct a good velocity and
3 https://github.com/jaimedelacruz/stic
microturbulence estimate based on Ca ii 8542 Å alone in plage.
We attempt to create a better constraint on the velocity by
introducing a line-of-sight velocity estimate from the available
Ca ii K data, which usually has a regular emission core in plage
with a large amplitude.
4.2. Initialization of the line-of-sight velocity
To get a better line-of-sight velocity estimate we use a method
similar to what is suggested by Skumanich & López Ariste
(2002). Here the authors show that a first order approximation
of the velocity map can be made by reconstructing a red- and a
blue-shifted profile with a basis composed of the first and sec-
ond eigenprofile of the intensity and fitting a linear relation to
the resulting factors. This method works as long as the second
eigenprofile is similar to the derivative of the first. Unfortunately,
this is not the case for our data, due to the relatively small num-
ber of wavelength points. We instead chose to directly define a
basis which is composed of the average intensity profile in the
plage and its derivative. This basis will not be fully orthonormal,
but still gives a usable estimation of the velocity where the PCA
basis breaks down completely. The chromospheric velocity esti-
mate was obtained by using the line core and the photospheric
estimate was made by using the outer wing points (see Fig. 4 b
and c). These two maps were then combined into a velocity es-
timate for the atmosphere where the chromospheric velocities
were used for log(τ500) < −3.5 and the photospheric veloci-
ties for the lower atmosphere. (Hereafter we drop the 500 from
log(τ500) to simplify the notation.) An arctangent function was
used to connect the two in a smooth way. The resulting input
model can be seen in Fig. 4a.
4.3. Inversion approach
We initialized the first cycle of STiC by generating a FAL-C
(Avrett 1985; Fontenla et al. 1993) atmosphere interpolated over
54 depth points in the range of log(τ) = [−7, 1], which we com-
bined with our initial velocity estimate from Sect. 4.2. Moreover,
we used the first three inversion cycles to obtain a model that ap-
proximates the atmosphere in Stokes I and V . We then set an
initial guess for the magnetic field in the form of the weak field
approximation (Landi Degl’Innocenti 2004) for B′||, 800 G for
B′⊥ and 1.2 for χ. The last three inversion cycles were then used
to fit Stokes Q and U. An overview of the cycles can be found
in Table 1. We only inverted the part of the FOV that had over-
lap with the CHROMIS data, as this is the only part where we
can get an estimate for the velocity and have information on the
4000 Å continuum. The latter helps constraining the temperature
reconstruction in the photosphere. In a final step we subtract the
CRISP cavity error map from the resulting velocity.
5. Response functions and uncertainties
The Ca ii 8542 Å line is sensitive to a large range of log(τ),
with the line core being formed in the chromosphere and its
wings reaching down to the photosphere. Additionally, several
of the aforementioned effects will affect the quality of our in-
versions more at certain heights than others. For this reason it
is beneficial to compute Response Functions (RF) of our param-
eters (Beckers & Milkey 1975; Landi Degl’Innocenti & Landi
Degl’Innocenti 1977; Sanchez Almeida 1992; Ruiz Cobo & del
Toro Iniesta 1994; Milic´ & van Noort 2017). An RF is the deriva-
tive of the emerging intensity as a function of a given physical
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Table 1. An overview of the number of nodes used per inversion cycle.
```````````Parameter
Run # 1 2 3 4 5 6
T 5 7 7 7 0 7
vlos 0 0 2 3 0 3
vturb 0 0 1 1 0 1
B′|| 0 0 0 1 0 3
B′⊥ 0 0 0 1 1 1
χ′ 0 0 0 1 1 1
Note: Columns specify the amount of nodes used per cycle per param-
eter. The resulting atmosphere was smoothed between each run, except
for the 5th cycle where we only varied B′⊥ in order to facilitate a better
fit. The initial model was a standard FAL-C atmosphere with 54 points
in the optical depth ranging from -7 to 1, together with our initial veloc-
ity estimate.
parameter per δ log(τ). It also allows us to estimate how strongly
the Stokes parameters react to a perturbation at a certain atmo-
spheric height. The stronger the RF, the more sensitive the line is
at a given log(τ) for the perturbed quantity. The shape of the RF
depends on the magnitude of the perturbation, which should be
just above the numerical noise (Milic´ & van Noort 2017). We use
the built in RF mode in STiC to compute our response functions
and use the same perturbation size as have been used for the in-
versions. After generating our RFs for our models, we find that
the maximum response for both magnetic field parameters this
lies between log(τ) = [−5.5,−3.5]. Outside this optical-depth
range, the response is negligible.
Additionally we can use the calculated RFs to estimate
the uncertainty in our results. The latter is done following the
method described in del Toro Iniesta (2003), with the exception
that we only introduce perturbations at the locations of our inver-
sion nodes directly. The uncertainty in a given physical quantity
p can be written as:
σ2p =
2
n
3∑
s=0
q∑
i=1
[
I syns (λi) − Iobss (λi; M)
]2
w2s,i
3∑
s=0
q∑
i=1
R2p,s(λi)w2s,i
, (1)
where n is the number of nodes used in the inversion in model M
and q the amount of wavelength points in the observation. I syn
and Iobs are the synthetic and observed input data of a Stokes
parameter respectively, w denotes the weights of the observa-
tions and R is the response function of a Stokes parameter to the
physical quantity p. The uncertainties obtained by applying this
method are shown in Fig. 7 alongside the profiles of one pixel
from each region defined in Fig. 6 and their fit.
6. Results & Discussion
In Fig. 5, we present the inversion results of the 37′′×27′′ field of
view that was marked with a white dotted line in Fig. 3. Since the
maximum sensitivity for B′|| and B
′⊥ in our response functions lies
between log(τ) = [−5.5,−3.5], these results are displayed for a
height of log (τ) = −4.5.
Our chromospheric temperature map is largely consistent
with the Ca ii 8542 Å line-core-intensity map in Fig. 3d. The
median temperature is around 4800 K in the fibrillar region,
and around 5500 K with peaks up to 6000 K in plage. Taking
into account the uncertainty of 430 K, our values are consistent
with earlier reported plage temperatures at this height. Díaz Baso
et al. (2019) reports 5000 K and da Silva Santos et al. (2020)
reports values between 6000 and 6500K. The temperature of the
fibrillar region is also comparable to the values reported by Kian-
far et al. (2020).
The reconstruction of the line-of-sight velocity is not very
accurate due to the raised core profiles of the Ca ii 8542 Å line
in plage as discussed in Sect. 2. When we compare the estimate
based on Ca ii K (as seen in Fig. 4b) to the velocity from the
Ca ii 8542 Å line, (see Fig. 5b.) we can clearly see the limitations.
The velocity in the canopy areas with fibrils is much smoother
and better constrained than in the plage, where we retrieve a ve-
locity field with a more patchy look.
Since the Doppler width constrains the turbulent velocity pa-
rameter in the inversions, there is low sensitivity also to this pa-
rameter. Having at least two lines from species with well differ-
entiated mass would certainly help constraining the microturbu-
lent velocity field, but is not the case in our observations. There-
fore we have used a low-norm regularization being set to favor
lower microturbulence values in the reconstruction. The latter re-
sulted in microturbulence values systematically below 2 km s−1
in the plage region. As expected, these values are significantly
lower than those reported by de la Cruz Rodríguez et al. (2016);
De Pontieu et al. (2015); Carlsson et al. (2015); da Silva San-
tos et al. (2020), where high microturbulence values are required
in order to fit Mg ii h&k profiles in plage. Outside the plage we
regain some sensitivity to microturbulence, and reach values up
to 6 km s−1, which is comparable to values derived from similar
data inversions like those of Kianfar et al. (2020).
From Fig. 5d we see that the magnetic field mostly has pos-
itive polarity in the field of view. We were able to reconstruct a
longitudinal magnetic field (B′||) throughout this FOV, but could
only obtain a non-zero transverse magnetic field (B′⊥) in certain
regions. This could be due to our low-norm regularization, which
favors lower values for B′⊥. This means that higher values will
only be returned if lower values do not fit the data. This is done
because the transverse magnetic field is strongly affected by the
noise, and if the regularization is not used we would obtain upper
limits for the transverse field in all the pixels (Martínez González
et al. 2012; Díaz Baso et al. 2019). With the regularization we
can be sure that the obtained values are not dominated by the
noise contribution.
We use B′|| and B
′⊥ to calculate the absolute magnetic field
(|B|) and its inclination (γ′). We show these two quantities to-
gether with the azimuthal direction of the field (χ′) in Fig. 6. Like
with B, the primed quantities denote the azimuth and inclination
in the line of sight frame, whereas their unprimed counterparts
represent the same quantities with respect to the solar surface.
The map of B′⊥ shows one relatively homogeneous large region
around (x, y) = (35′′, 25′′) in the area covered with fibrils. Our
interpretation is that the inversions have been largely successful
here. This region can be split in two based on the value of χ′ in
Fig 6a and b. We designate these two sub-regions F1 and F2.
In the two plage regions P1 and P2 we see that the map is
dotted with pixels indicating 0 G. This most likely creates a cut-
off point where low values get forced to 0 G.
From Fig. 6a and b, we note that χ′ correlates with the signal
in B′⊥, with most of the coherent structure being found inside and
near F1 and F2. The rest of the field of view shows no preferred
direction. This is expected inside the plage, but in most of the
fibrillar areas it is most probably due to a lack of signal. In F1 we
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Fig. 4. A simple two-component velocity model created by applying our linear velocity estimates based on the line core and line wings of Ca ii K .
We transition from the photospheric velocity estimate to the chromospheric velocity estimate at log(τ) = −3.5 by means of an arctangent function.
This velocity model was used together with a FAL-C atmosphere as the initial guess for the inversion code. a) Scaling function used to compose
the velocity model. b) Chromospheric velocity estimate. c) Photospheric velocity estimate.
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Fig. 5. Inversion results after 6 reduction steps in STiC as shown in Table. 1. All panels are plotted at log(τ) = −4.5. Marked in yellow are two
plage regions P1 and P2. Inside the region covered with fibrils we mark two regions as F1 and F2. a) Temperature. b) Velocity. c) Microturbulence.
d) Longitudinal magnetic field. e) Transverse magnetic field.
find a median value of χ′ ≈ 70◦ and in F2 χ′ seem to gradually
turn from 70◦ to about 130◦ as we move downwards in the figure.
It is not possible to disambiguate the entire field, but we can
see that F1 and F2 are connected and that F2 veers off into ei-
ther P2 or the area between P1 and P2. Also the field in F1 is
mostly aligned with the line between the two pores. The pores
themselves lie along a line that is offset by only 8◦ from the ra-
dius vector. We thus conclude that field lines originate from the
left part of P2, flow through F2 and into F1 and reach the pore of
opposite polarity outside the ROI.
The inclination map in Fig. 6c reflects the B′⊥ map in Fig. 5
since any pixel without a transverse component automatically
gets interpreted as having γ′ = 0 or 180◦. We exclude these
pixels from our analysis by selecting only those that have a
B′⊥ > 100G. After applying this mask, we obtain median val-
ues of the magnetic field properties for our regions of inter-
est. Because these observations were taken at a viewing angle
of 37◦(µ = 0.8) with regard to the solar surface we know that
γ = γ′ − 37◦ with respect to the local vertical.
Now that we have shown that the magnetic field in F2 orig-
inates from the left side of P2, we would expect to see a similar
median value of |B| for the two regions. By eye we can see a
smooth-looking transition between P2 and F2 in Fig. 6d. In the
next paragraphs we discuss our measurements for the different
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Fig. 6. Magnetic field configuration. We mark the same regions as defined in Fig. 5. Additionally we mark one pixel in each of the regions that
will be used for the calculation of the uncertainties (see Fig. 7). a) Ca ii 8542 Å line core image with the azimuth over-plotted in our regions of
interest. White arrow: direction to disk centre. Red arrow: angle between the two pores. b) Azimuth c) Inclination. d) Absolute magnetic field.
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Fig. 7. Left: Observed stokes profiles (black) and the fitted atmosphere (colored). Pixel locations marked in Fig. 6 with the same color coding.
Right: Inferred parameters displayed between log(τ) = [−5.5, 0]. The colors match the profiles on the left. The uncertainties for the same pixels
based on Eq. 1 are indicated by vertical bars at their respective node.
plage and fibrillar regions. We do not exclude low numbers of
B′⊥ for these median values. The uncertainties for |B| and γ′ are
propagated from the uncertainties for B′⊥ and B′|| , which were
obtained by using Eq. 1.
Plage The median inclination for region P1 and P2 is γ′ =
42◦±6◦ and γ′ = 44◦±6◦, respectively. With respect to the local
vertical we get γ = 10◦ ± 6◦ for P1 and γ = 8◦ ± 6◦ for P2. This
is a value that matches earlier estimates of the magnetic field
inclination in plage made in the photosphere (e.g. Bernasconi
et al. 1994; Sanchez Almeida & Martinez Pillet 1994; Pillet et al.
1997).
When looking at the magnetic field, we find |B| = 410±90 G
for P1 and |B| = 400 ± 90 G for P2. Which is roughly twice of
what was reported by Carlsson et al. (2019). However in a recent
work by Morosin et al. (in prep), a value of B|| = 417 G was
obtained by applying a spatially constrained WFA by imposing
Tikhonov regularization. This is based on observations of the
same active region, taken 4 days later when the AR was almost
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at disk center. (µ = 0.97). This means that B⊥ would be small
due to the location of the region and inclination of the field.
Fibrils In region F1 we find that γ = 49◦ ± 16◦ and for region
F2 we find γ = 8◦ ± 15◦. The inclination of F2 is comparable to
that found in plage regions P1 and P2 and mostly vertical with
respect to the surface, while the inclination for F1 is more hori-
zontal.
In F2 we find more similarities to the plage, as this region has
a median field strength of |B| = 390±80 G. Region F1 has a lower
field strength with |B| = 287±50 G. This is higher than the upper
limit of |B| ∼ 25-200 G suggested by Mooroogen et al. (2017),
based on the analysis of magnetohydrodynamic kink waves in
chromospheric fibrils.
7. Conclusions
We present high spatial, temporal and spectral resolution spec-
tropolarimetric observations of a plage region in Ca ii 8542 Å .
This SST data set allows us to constrain the thermodynamical
and magnetic properties of this region and its surroundings. By
combining high-cadence observations with the addition of novel
and established post-processing techniques, we were able to re-
construct the Stokes Q and U profiles sufficiently well to infer
B′⊥ in several parts of the field of view. The high cadence re-
quired meant that CRISP could only observe Ca ii 8542 Å and
the temporal binning prevented us from including Ca ii K in our
inversions. Our focus on high accuracy in the reconstruction of
the magnetic field, came at the cost of accuracy in the other pa-
rameters. Especially in the plage region where it proved difficult
to reconstruct an accurate velocity and microturbulence due to
the raised core profiles.
These maps allowed us to retrieve a magnetic field map in
the entirety for B′|| and in selected regions for B
′⊥. These two
maps allow us to study the median inclination of the magnetic
field in plage for the pixels where B′⊥ was above 100 G. This
gave us a value of γ = 9◦ ± 6◦ with respect to the local vertical.
This is a value that matches previous measurements made in the
photosphere.
Investigation of our χ′ map showed that it could be disam-
biguated in one specific location of the canopy. We concluded
that the magnetic field flowed from region P2 into region F2.
Both of these regions have an absolute field strength close to
400 G. (405 ± 90 G in plage and 390 ± 80 G in F2.) The fibrils
in F1 have a lower field strength at |B| = 290 ± 50 G and an
inclination of γ = 49◦ ± 16◦.
In a parallel study, Morosin et al. (in prep) have studied the
stratification of canopy fields using three spectral lines that pro-
vide different opacity windows in the atmosphere (Mg i 5173 Å,
Na i 5896 Å and Ca ii 8542 Å) in combination with a spatially-
coupled weak-field approximation method. Although their ob-
servations did not provide a sufficiently high S/N ratio to derive
the horizontal component of the field from the 8542 Å line, their
inferred B‖ values in the magnetic canopy are close to 450 G in a
similar target, and in agreement with our values. In our study we
could not study the stratification of the field, but we could de-
rive the full magnetic vector and also the orientation of the field
along fibrils that are anchored in the plage target.
Our results are fundamentally limited by the evolution of
the solar scene which constrains the cadence. Therefore we be-
lieve that significant improvement would require an integral-
field spectrometeter allowing additional lines to be observed
while keeping the cadence the same and/or a telescope with more
light-gathering power.
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